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Effective operators Common feature of effective theories

If the SM 1s an effective theory, Lagrangian at the low energy scale looks

1 _ 1 _ 1
St = LM+ — 0 + 06+

@"iz? + ..
Anp ﬁIz‘-IF ﬂL:Sﬂp
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Effective operators Common feature of effective theories

If the SM 1s an effective theory, Lagrangian at the low energy scale looks

1 1 1
Lot = Lon + — 0 + 00 + 0T + ...
’ Anp A%p AXp

® Dim.5: Weinberg op. (Majorona neutrino mass) Weinberg (1979)

_ H_ H
0= = (Leir?H)(H "ir?L) N~
: —> . -+
(AR L L
— v vy, 1/Axp
Anp
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Effective operators Common feature of effective theories

If the SM 1s an effective theory, Lagrangian at the low energy scale looks

1 1 1 __
@d=5 4 Od:ﬂ n @d—?’ 1.,

Lot = L5

® Dim.5: Weinberg op. (Majorona neutrino mass) Weinberg (1979)
_ H_ M
09=5 = (Leir*H)(H "irL) N~
— . -—
() R— L L
Ve, 1/Anp

LY

* U
f"ir-;p

® Dim.6: Four-Fermi OPS. For a complete list of Dim.6 ops, Buchmuller Wyler (1986)

O%=% = (Ly*PLL)(E~,PRE)
—> >
e e

Non-Standard neutrino Interactions (NSI) 1/AZp

Effective ops. are a typical remnant of New Physics at high energy scales
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Oscillation enhanced search for new physics

Ve Vr
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EET
NSI
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Oscillation enhanced search for new physics

o
Ve Vr
<U(2) relat10> ;E_Jr
= - ELFV
e _
e

er €er = ELFV

NSI Charged lepton counter part
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Oscillation enhanced search for new physics

e 2
Ve Vs
SU(2) relation s ,.E_Jr
— > T p—
o - o LEV B
€er €er = ELFV e
NSI Charged lepton counter part

Br(t — 3e) = |eLpv 2

< O(107%)
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Oscillation enhanced search for new physics

e 2
: i \\{/ <U(2) relauo> . &
! €LFV -
OSCI in matter €er = ELFV €
Standard Oscillation (SO) NSI Charged lepton counter part
P2, +0O(e) . Br(r — 3¢) = |erpv [’
o NSI signal gets g
Oscillation enhancement < O(107)

(Interference between SO and NSI)

] < 0107

Advantage against cLFV search:

NSI signal in osc. appears at O(e) through the interference with SO.
On the other hand, LFV signal begins at O(e?)

9 Feb. 2012 @FNAL
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Direct constraints to NSI

@ NSIin propagatiOH Biggio Blennow Fernandez-Martinez JHEP 0908 (2009) 090

(4.2 0.33 3.0 Vq V3

|egrﬁ| < | 0.33 0.068 0.33 ;\{t/_
[ m [ )

\3.0 0.33 21 PN €%Gr PN

NSI are not strictly constrained
Especially, tau-associated NSI can take a value of O(1).

although it is difficult to induce such a large NSI from high energy models

9 Feb. 2012 @FNAL
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Direct constraints to NSI

@ NSIin pr Opagation Biggio Blennow Fernandez-Martinez JHEP 0908 (2009) 090

42 033 3.0 Va V3

lems| < | 0.33 0.068 0.33 ;\/_
€ m €

3.0 033 21 PN €%Gr PN

NSI are not strictly constrained
Especially, tau-associated NSI can take a value of O(1).

although it 1s difficult to induce such a large NSI from high energy models

3+1 Motivations for NSI

e Typical low-energy remnant of New Physics at high energy scale
e Oscillation enhancement (advantage against cLFV search)
e Only loosely constrained — Experimental test is awaited

9 Feb. 2012 @FNAL
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Direct constraints to NSI

@ NSIin propagation Biggio Blennow Fernandez-Martinez JHEP 0908 (2009) 090

42 033 3.0 Vg Vg

|ng5.|~’: 0.33 0.068 0.33 ;\/_
[ m ET

3.0 033 21 PN €%Gr PN

NSI are not strictly constrained
Especially, tau-associated NSI can take a value of O(1).

although it is difficult to induce such a large NSI from high energy models

3+1 Motivations for NSI

e Typical low-energy remnant of New Physics at high energy scale
e Oscillation enhancement (advantage against cLFV search)
e Only loosely constrained — Experimental test is awaited

Now, we have a chance to test them at high precision neutrino osci. exps!

9 Feb. 2012 @FNAL
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NSI signals at neutrino oscillation experiments

e Standard oscillation N
—HL), y2 Modified by NSI (and NU)

Pyosvg = |{vgle NU: NSIs with particular relations
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NSI signals at neutrino oscillation experiments

e Standard oscillation N
—HL), y2 Modified by NSI (and NU)

Pyosvg = |{vgle NU: NSIs with particular relations

@ CC type NSI — flavour mixture states at source and detection
Grossman PLB359 (1995) 141.

Prnovs = |e 12 .
v =)+ Y el eg.mt ISt Q)

| @
Wl =(va| + Z fif{_l_{u.TL e.g., 1yN =5 e~ X at source in superbeam exp.

T=€.1.T
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NSI signals at neutrino oscillation experiments
e Standard oscillation

Pross = |(le L ) Modified by NSI (and NU)

NU: NSIs with particular relations

@ CC type NSI — flavour mixture states at source and detection
Grossman PLB359 (1995) 141.

P, .., {u?|e HL|sy
Ch ! o ut(L)
. . [ 11U
vs) =Iva) + Z €y [ V) eg., m —— pTve I
=e.u, ] v
Y=e€,1,T d d(Q) €5 e(L)
W =(va| + Z Egﬂ_(:lf‘..],L e.g. ryN == e~ X at source 1n superbeam exp.
Y=e,p,T
@ NC type NSI— extra matter effect in propag gation
e.g., Wolfenstein PRD17 (1978) 2369. Valle PLB199 (1987) 432. Guzzo Masiero Petcov PLB260 (1991) 154.
Roulet PRD44 (1991) RO35. ; ve(L) vr(L)
H+Vys1)L
Pyo—vg = |(vple” HH+Vis1) |Ifa})
=7 .
emem em o e (E) m e (E)
_ eT eT
(I'INSI:];? _ V’EGF_N gmE EmT ? e.q., Ve — Uy
: L = in propagation ~ €xtra matter effect
eT [Ty TT
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13 search at reactor and superbeam

e (NSI 1n matter) affects only accelerator experiments
— causes a mismatch between accelerator and reactor exps.

An example for Mismatch

TZK |/ Double Chooz (90% CL)

350 / ;- SO params: sin? 261%° = 0.05
| .
300 \ . true
\ | ocp =™
250 | E
| - : _ —im /2
200 | ¢ E +NSI: €™ =0.5e7/
8 ¢ =
150 K\ &
\ E
100 :. E
| | .
s0f[jen)= 0.5 / | The best-fit point of accelerator exp.
o L2B(Er) = /2 S is excluded by reactor exp.
0.02 0.05 0.1 0.2

Sin 263
Kopp Lindner O Sato PRD77 (2008) 013007

9 Feb. 2012 @FNAL
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jat.azwt

13 search at reactor and superbeam

€. e (NSI at source and detection) give an impact on both experiments
— can make a common off-set of two exps. from true value

An example for Common Off-set

TZK / Double Chooz (90% CL)

350} [ SO params: sin?261%° = 0.05
/
oot f true __
t | - ocp =T
250} lll'”-. | E 5 d
00 ‘ E +NSI: €, =€, =0.05
j= AN r x 2
150} \ =
. =
L "| = : : :
J/ j = Accelerator exp. is consistent with
50
== 00s | reactor exp., but the both suggest
> e a wrong value of #13
Sin® 263

Kopp Lindner O Sato PRD77 (2008) 013007
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Current status of 613 search at T2K, MINOS, and D-Chooz

Abe et al PRL 107 22011% 041801

1 Whitehead et al PRLI 1?7 2|011 1|8|18|02 Schwetz Tortola Valle a1:X|1V 1%0? }3|76
NTUNH - 3 IHA
x ] T
\ ] A
0.5 H \ — ‘:_
,’ | ;
/ _ F —
- ’ - 7S
— [I i — —
e - -
-0.5 ] ]
_ %\ _
E.E'?-E EI'[iI'?«E 1 dof | EET}E.“Q{]%- 1 dof _|

_ | cose o L oaa L1l By 11

[l 0.025 0.05 0.075 0.10 0.025 0.05 0.075 0.1
2 2
sin H|3 = |DT\.23|2 sin B]_::-|. — |UE3|2
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Current status of 0,3 search at T2K, MINOS, and D-Chooz

~ Abe et al PRL 107 22011g041801 .
1 Whitehead et al PRL 107 (2011) 181802 Schwetz Tortola Valle arXiv.1108.1376

III.,".IIIII
h.l NH 7

i hx ] .
N ] -
0.5H R —
i I — —
I ; ] ;
_ & _
/ p

= i ’ - -
i1 y — —
|'_,|I'__".__ L —) —)
_' — —
R ] ]
-0.5 _1 — _
| \ 4 \ |
IR RR%, mr_aa.a,ldnf: _ | 68%. B0%. 1 dof ]

" | L1101 | I | I‘I i I‘.I | | L1 1 | I |

0 ? 0.025 tn.nﬁ 0.075 n.w? 0.025 t 0.05 0075 0.1
2 2
in®, =|Uzs? in®, =|Uzs|?

Double Chooz 1° result: 0.004 < sin” HEE’ < 0.04 at90%CL
Abe et al arXiv.1112.6353

Current results are perfectly consistent with each other in 1 sigma
No NSI? Common off-set? Important message: They are not redundant!

9 Feb. 2012 @FNAL
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Sensitivity to NSI at an ultimate machine —— Neutrino factory

On the way from Project X to Muon collider
http://www.fnal.gov/pub/muon_collider/

L1
T T

™
x4
\, P

T _]._-:
|

- Wiy 2
T
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Sensitivity to NSI at an ultimate machine —— Neutrino factory

On the way from Project X to Muon collider
http://www.fnal.gov/pub/muon_collider/

@ Neutrino beam based on muon storage ring

@ High energy & high intensity & low BG
@ [ong baseline with massive detectors

® Physics motivation:
Golden measurement of CP phase in lepton sector I

e.g., Cervera et al NPB579 (2000) 17 £ v e -
T N
L”E‘ _::'..l.-"'rlu_ VS L;-E_}L;If_l. _ ;:}
L/ ~
Vi R
More on Nufact: Design report, arXiv:1112.2853, IDS-NF-020, -Ii v

FERMILAB-PUB-11-581-APC, FERMILAB-DESIGN-2011-01

9 Feb. 2012 @FNAL
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Sensitivity to NSI at an ultimate machine —— Neutrino factory

On the way from Project X to Muon collider
http://www.fnal.gov/pub/muon_collider/

® Neutrino beam based on muon storage ring

® High energy & high intensity & low BG
@ [ong baseline with massive detectors

® Physics motivation:

Golden measurement of CP phase in lepton sector
e.g., Cervera et al NPB579 (2000) 17

Fat
L”E‘ _}y” VS Eeﬁ'ﬂ” _ i:}
L/ ~
L/ m Ty 'h
More on Nufact: Design report, arXiv:1112.2853, IDS-NF-020, A_¢
FERMILAB-PUB-11-581-APC, FERMILAB-DESIGN-2011-01 7

There are many questions for Nufact...
How sensitive Neutrino factory to NSI?
Current optimal setup for SO is good for NSI? What is the optimal setup for NSI?
How robust SO results a%alnst the disturbance by NSI?

Is the current optimal experimental setup for SO changed?

How can we distinguish the SO and NSI signal?
SO is background for NSI signal

9 Feb. 2012 @FNAL
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Sensitivity to NSI at an ultimate machine —— Neutrino factory

On the way from Project X to Muon collider
http://www.fnal.gov/pub/muon_collider/

@ Neutrino beam based on muon storage ring
@ High energy & high intensity & low BG
@ [ong baseline with massive detectors

® Physics motivation:

Golden measurement of CP phase in lepton sector
e.g., Cervera et al NPB579 (2000) 17

P
L”E‘ _}y” VS L’E_}'L’r'f__t_ — i:}
/e +
L/ m Ty 'h
More on Nufact: Design report, arXiv:1112.2853, IDS-NF-020, - Wy
FERMILAB-PUB-11-581-APC, FERMILAB-DESIGN-2011-01 g

In the next few slides, we will address
How sensitive Neutrino factory to NSI?
Current optimal setup for SO is good for NSI? What is the optimal setup for NSI?
How robust SO results against the disturbance by NSI?

Is the current optimal experimental setup for SO changed?

How can we distinguish the SO and NSI signal?
SO is background Tor NSI signal

9 Feb. 2012 @FNAL
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Optimization for NSI search in a neutrino factory

Kopp O Winter PRD78 (2008) 053007
e Arrangement of two detectors (MINDs)

|er| sensitivity (3o) ey~ | sensitivity (3c)

12000} <= 12000}

10000

10000}

8000[ s000L
IE' |

E | £

= G000 = gooof

4000} - 1000k

2000} 2000}

2000 4000 GODD 8000 10000 12000 2000 4000 GOOD 8000 10000 12000
Ly [km] Ly [km]

NSI signal 1s distinguished from SO signal by its energy dependence

For parameter correlations with NSI, Ribeiro et al JHEP 0712 (2007) 002
Coloma et al JHEP 1108 (2011) 036

Current IDS-NF setup is also good for NSI search
9 Feb. 2012 @FNAL
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Optimization for NSI search in a neutrino factory
sin? 28y Kopp O Winter PRD78 (2008) 053007
]_I:!_E' ll::—d ll::—i “}I—E Il:!—]

Current setup (IDS-NF) T e
(5er)

@ Muon energy 25 GeV

— NH for 55" = 3n/2 ;""_z'"'
{5er) = g

@ L=4000 km and 7500 km S e B

No tau detector EEEEEmme—
{(5er) = Ep
@ Robust SO search against NSI o) S%
CPV for 55 = 3n/2 w &

. . 5 = B

@ NSI sensitivity: [ehy | < O(1077)
w5

@ Near tau detector for source NSI search

MINSIS proposal Para I e e

. ; : I - thy
http://www-off-axis-fnal.gov/MINSIS/index.html SI]:'-HETP::G; ‘-:jmﬂ e

Tt —
ain J njector 5 GeV —

on Standard J nteractionsg 25 GaV —

GLoBES 2008 50 GeV

lema| remch

ecarch

lefz] (Bar)

Summary of MINSIS workshop arXiv:1009.0476 T T e T T =

For Physics cases, Antusch et al JHEP 1006 (2010) 068. €|
""‘ 9 Feb. 2012 @FNAL
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Gauge invariance in NSI e.g., Bergmann Grossman Pierce PRD61 (2000) 053005

Dim.6 (4-Fermi) = Bound from SU(2) counter process

Ve NSI T
_.z\\./.:/
e - e

9 Feb. 2012 @FNAL
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Gauge invariance in NSI e.g., Bergmann Grossman Pierce PRD61 (2000) 053005
Dim.6 (4-Fermi) = Bound from SU(2) counter process

L. L, Ve Vr cLFV

N NSI "
— -—

> > - - T m

E m E € m e €er
Cor EET e

Gauge inv. op

9 Feb. 2012 @FNAL
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Gauge invariance in NSI
Dim.6 (4-Fermi)

o
Le L Ve NSI T cLFV o~
\\./ > \.// = -

> > —_— > T m

E e e €er
N e €

Dim.8 op. wﬂh Higgs doublets

Berezhiani Rossi PLB535 (2002) 207, Davidson Pena-Garay Rius Santamaria JHEP 0303 (2003) 011

<H“> )

\./ \ ;-"( + No 4-Fermi cLFV

4- Ferml NSI Evasion from SU(2)
counter process

e.g., Bergmann Grossman Pierce PRD61 (2000) 053005
Bound from SU(2) counter process

— [(LHTQH) P(HH#L )] (B, E]

How does a high E model of Dim.8 NSI look like?
Can we really obtain constraint-free NSI through Dim.8 op?

9 Feb. 2012 @FNAL
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Bottom-up approach Operator decomposition
e An example of Dim.8 LLEEHH op.
b1
L, « A L,
N/
E ¥ K

eT

Dim.8 effective op
without cLFV

Constraint-free?

9 Feb. 2012 @FNAL



Max-Planck-Institut fuer ;L@k . .
WQmehHeisenberg-lnz ficut > High energy completion of NSI
Bottom-up approach Operator decomposition

e An example of Dim.8 LLEEHH op.

H H H
L,

H
L, © / L
\V/
\_/
> > #
E m E
E-ET F
Dim.8 effective op
without cLFV

Constraint-free?

171

A decomposition with 1§ 15

9 Feb. 2012 @FNAL
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Bottom-up approach Operator decomposition
e An example of Dim.8 LLEEHH op.
LN L R : ;
e \ / T 1IJR 1{1'2
v 1
> > # 0
E m E
Cer E E E E
Dim.8 effective op A decompositi v 1R - -
\ position with 1 1j — Associated Dim.6 op
without cLFV Constrained!

Constraint-free?

9 Feb. 2012 @FNAL
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Bottom-up approach Operator decomposition
e An example of Dim.8 LLEEHH op.

H H H
L,

H
L., / L |
A L L

AN ;

> > 0
E m E

€er E E E E
Dlm..?leffectwe Op A decomposition with 1§ 15 — Associated Dim.6 op
without cLFV Constrained!

Constraint-free?

Q. Is Dim.8 NSl really Dim.6-free?

To check this, we decompose Dim.8 op. to all possible ways at tree level

Gavela Hernandez O Winter PRD79 (2009) 013007
Antusch Baumann Fernandez-Martinez NPB810 (2009) 369

A. No. Any of high energy completions of Dim.8 NSI induce
also Dim.6 effects.

9 Feb. 2012 @FNAL
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Procedure of Decomposition
@ List possible Topologies

Topology 1 Topology 2 Topology 3

9 Feb. 2012 @FNAL
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Procedure of Decomposition
@ List possible Topologies

ML/ N
Sl VARV

Topology 1 Topology 2 } Topology 3

e Assign the fields on the outer legs and specify the mediation fields

/N

9 Feb. 2012 @FNAL
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Procedure of Decomposition
@ List possible Topologies

ML/ N
Sl VARV

Topology 1 Topology 2 } Topology 3

e Assign the fields on the outer legs and specify the mediation fields

L E E T

\ Y/

/N

H H

9 Feb. 2012 @FNAL
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Procedure of Decomposition
@ List possible Topologies

ML/ N
Sl VARV

Topology 1 Topology 2 } Topology 3

e Assign the fields on the outer legs and specify the mediation fields

. E E 1 . E E 1

W L\

0
#
/NN
H H H H

9 Feb. 2012 @FNAL
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Procedure of Decomposition
@ List possible Topologies

e NN N
\ ILT |
\\f/ _:_
="/ \/ '

Topology 1 L Topology 2 Topology 3

k

e Assign the fields on the outer-legs and specify the mediation fields

. E E 1 . E E 1

N NS

nooy
\ / \ Llur wn) At
13
—r — 13
/ \ /155 17
E E

Example shown
H H H H in the last slide

9 Feb. 2012 @FNAL

N



Max-Planck-Institut fuer

WQmehHeisenberg-lnz ficut > High energy completion of NSI

Gavela Hernandez O Winter PRD79 (2009) 013007

(Part of) the list

® Decompositions with Topology 2

® Projection to Basis ops.
(LP°La)(E°y,By) (HH)
(L 4°7La)(E*,B,) (H'FH)

1 35
f@;.f-:ﬂ)ﬁqr

3 36
f@:_f-:ﬂ)ﬁqr

e Necessary Mediation fields

® Onst CL-free at dim.8

Topology 2 and 3
All the Dim.8 Decoms.
induce Dim.6 CL process

T. Ota (MPI fiir Physik Miinchen)

# Dim. eight operator CJ'I.I-:H EE!—:H Oy 7 Mediators

Combination LL

i (LyeL)(E~,E)(HH) 1 1§

2 (Ly*L)(EH)(y,)(HE) 1 15+ 244

3 (Ly*L)(EHT)(y,)(H*E) 1 13+ 25,

1 (Ly*TL)(Ev E)(H'TH) 1 5+ 13

5 (Ly*7L)(EHY)(~,7)(HE) 1 85 + 24,

6 (Ly*TL)(EHT)(y,7)(H*E) 1 35 + 2,

Combination EL

7 (LE)(EL)(HtH) ~1/2 2%

8 (LE)(#)(EL)(HtTH) ~1/2 2

9 (LH)(H'E)(EL) -1/4 -1/4 v 2y + 1§ + 25

10 (L¥H)(HIE)(¥)(EL) -3/4 1/4 2% 0+ 3+ 2,

11 (Lir*H*)(HTE)(ir?)(EL) 1/4  —1/4 2540 + 1507 + 25,

12 [Lr’]rﬂi‘_}LHTHJ[irﬂr‘}gﬁ-‘L} 3/4 174 2% 10 T3+ 20

Combination E-L

13 (LyrE=)(Eey L) (HTH) -1 2%

14 (LyP E€)(7)(E=v L) (HI7H) ~1 2 am

15 (LH)(v*)(HE%)(E=y,L) -1/2 -1/2 v 2 a0 + 18 + 2540,

16 (LFH ) (y*) (HE) (7)(Fev.L) ~3/2 1,2 2750 + 3" + 2

17 (L ) (v)(HTE)(im)(FEyL)  —1/2 12 2% g0 + 157 + 20

18 (LFir H*)(v*)(HT E=)(iT7)(E=yL) —3/2 —1/2 250 + 354 + 2040

Combination HTL

19 (LE)(EH)(HL) -1/4 -1/4 v 20+ 15+ 250

20 LR ENHTL _3/4 __1/4 L )

21 (LH)(v*)(H'L)(Ev,E) /2 1/2 v 15 + 1§ q
; : -. — O 'J-' ‘ﬂ iJ}E H”E
(Ly*E°)(E=H)(v*)(H'L) -1/2 -1/2 v 9 + 1 + 250

24 (Ly*E°)(E=H)(+*)(HTL) -3/2 1,2 20 gm + 36" + 24

Combination HL

25 (LE)(ir2)(EH*)(HTir2L) 1/4 —1/4 2% o T 1+ 20

05 (LE)(7ir?)(EH*)(HTir*7L) 3/4 14 iy + 3T+ 20

27 (Lir®H*) () (HTiT L) (Ev,E) -1/2 1,2 1§ + 1547

98 (L7irlH*)(y¢)(HTirlFL)(Ey,E)  -3/2 -1/ 15 + 3“7

20 (LyE°)(w?)(EFH* ) (v )(HTirL)  1/2 -1/2 279 + 157 + 20,

30 (LyPES)(7ir")(EFH*)(y,)(HT ir®FL)  3/2  1/2 27 0 + 3C4° 4 2000



Max-Planck-Institut fuer

(Part of) the list

® Decompositions with Topology 2

® Projection to Basis ops.
f@},mﬂﬁi =(L°+*La)(E*ypEy) [HTH} ~
(O pn)as =(LP4P7Ly) (E*y,E,) (H'FH)

ay )

e Necessary Mediation fields

® Oysi CL-free at dim.8

Topology 2 and 3
All the Dim.8 Decoms.
induce Dim.6 CL process

Some of Decoms. in Top.1 do not induce
Dim.6 CL, but they are always associated
with Dim.6 op. of non-unitary PMNS.

T. Ota (MPI fiir Physik Minchen)

meenHeisenberg-lnez!éJ;A ut > High energy completion of NSI

Gavela Hernandez O Winter PRD79 (2009) 013007

# Dim. eight operator CJ'I.I-:H EE!—:H Oy 7 Mediators

Combination LL

1 (LyeL)(E,E)(H1H) 1 1§

2 (Ly*L)(EH)(y,)(HE) 1 1§+ 254,

3 (Ly*L)(EHT)(y,)(H*E) 1 13+ 25,

1 (Ly*TL)(Ev E)(H'TH) 1 38+ 13

5 (Ly*7L)EHY)(,7)(HE) 1 85 + 25450,

6 (Ly*TL)(EHT)(y,7)(H*E) 1 35+ 240,

Combination EL

7 (LE)(EL)(HtH) ~1/2 2%

8 (LE)(7)(EL)(HtTH) ~1/2 2

9 (LH)(HE)(EL) -1/4 -1/4 v 2y + 1§ + 25

10 (L¥H)(HIE)(¥)(EL) ~3/4 14 2% 0+ 3+ 2,

11 (Lir*H*)(HTE)(ir?)(EL) 1/4  —1/4 2%y + 150 + 20

12 lf;ﬁrﬂi WHTE)(ir27)(EL) 3/ /4 2% 10 T3+ 20

Combination E-L

13 (LyeE=)(E=y,L)(HH) —1 25

14 (LyP E€)(7)(E=v L) (HI7H) ~1 2 am

15 (LH)(v*)(HE%)(E=y,L) -1/2 -1/2 v 2% g5 + 15 + 2540

16 (L7H)(v*)(HE=)(7)(E=y,L) ~3/2 1,2 2750 + 3" + 2

17 (L ) (v)(HTE)(im)(FEyL)  —1/2 12 2%q + 154 + 20

18 (LT H*) () (HT E9) (i 7) (B=yL)  —3/2 —1/2 27 g + 35 + 2047,

Combination HTL

19 (LE)(EH)(HL) ~1/4 -1/4 v 20+ 15+ 250

20 LRV EHHTL) 34 1/4 DL U
(LH)(v*)(H'L)(Ev,E) /2 12 v 1+ 1
; : — '1.}:' '1-' ‘ﬂ :.'}E H”E

23 (Ly*E°)(E°H )(v*)(HL) -1/2 -1/2 ¥ 9 + 1 + 250

24 (Ly*E°)(E=H)(v*)(H'L) -3/2 12 20 gm + 36" + 24

Combination HL

25 (LE)(ir?)(EH*)(HTir2L) 1/4  —1/4 2% o T 1+ 20

05 (LE)(7ir?)(EH*)(HTir7L) 3/4  1/4 iy + 3T+ 20

27 (LirH*)(v*)(HTir L) (E7,E) ~1/2  1/2 1§ + 1447

28 (L7rH*)(y*)(HTir’FL)(Ey,E) -3/2 -1 15 + 34"

20 (LyE°)(w?)(EFH* ) (v )(HTirL)  1/2 -1/2 279 + 157 + 20,

30 (LyPES)(7ir?)(EEH*)(v.)(HTir%7L) 32 g 200

. v LR
1/2 2 %g v - _+H




Max-Planck-Institut fuer 2 ik
Werner-Heisenberg-ing ruit Short summary for NSI

Aoriizit
NSI search in neutrino oscillation experiments
@ Signal of New physic, Oscillation enhancement, Loose constraints
@ Reactor and accelerator experiments are not redundant

@ Expected sensitivity at neutrino factory: |€nr| < O(10~%)

High energy completion of NSI

@ Dim.6 — Charged lepton counter process

@ Dim.8 with Higgs doublets — Constraint-free?
Bottom-up (Operator Decomposition)
— List all the possible high E completions

For Genuine Dim.8 NSI, it is necessary to introduce something to cancel Dim.6.

An important aspect of Dim.8 = Loop-induced Dim.6 Biggio Blennow Fernandez-Martinez JHEP 0903 (2009) 239

— Another application of Bottom-up approach: Neutrino mass from high dim.

9 Feb. 2012 @FNAL



Max-Planck-Institut fuer
Werner-Heisenberg-ing/i:

© Neutrino mass from d>5 effective operato

Q [Motivation} H_
s
@ Setup at the low energy scale I

@ Possible high energy completion
— Bottom-up to the high energy scale

T. Ota (MPI fir Physik Miinchen)



Max-Planck-Institut fuer ;)A@" .. . . .
Werner-Heisenberg-Ingyicut Motivation for higher dim. neutrino mass
:z & z)z‘f-

Overview: Neutrino mass from higher dim. ops.

=YLy + Ly + -

L = ﬁLLHH

Seesaw
Minkowski PLB&T (1977) 421,
Yanagida (1979),
Gell-Mann Ramond Slansky (1979),
Mohapatra Senjanovic PRL 44 (1980) 912,
Schechter Valle PRD22 (1980) 2227.

9 Feb. 2012 @FNAL



Max-Planck-Institut fuer ;)A@k L . . .
Werner-Heisenberg-ing/icut Motivation for higher dim. neutrino mass
:z & z)ff-
Overview: Neutrino mass from higher dim. ops.
=YLy + Ly + -

Zi 5 =5—LLHH +>x-LLHH + %ﬁjﬁ}g L LLHH + -

Seesaw Zee,Dark-doublet...Babu-Zee...
Minkowski PLB&T (1977) 421, Zee PLB93 (1980) 389, Babu PLB203 (1988) 132, eic.
Yanagida (1979), Ma PRL 81 (1999) 1171, etc.

Gell-Mann Ramond Slansky (1979),
Mohapatra Senjanovic PRL 44 (19380) 912,
Schechter Valle PRD22 (1980) 2227.

9 Feb. 2012 @FNAL



Max-Planck-Institut fuer ;’)A/@" L. . . .
Werner-Heisenberg-ingicut Motivation for higher dim. neutrino mass
:2 L z?ff—

Overview: Neutrino mass from higher dim. ops.

If forbidden
¥ =%sm +F=s+Ca—ot+ Lo+

Zi 5 =5—LLHH +>x-LLHH + - g LLHH + -

Seesaw Zee, Dark-doublet...Babu-Zee...
Minkowski PLB&T (1977) 421, Zec PLBO3 (1980) 389, Babu PLB203 (1988) 132, efc.
Yanagida (1979), Ma PRL 81 (1999) 1171, efc.
Gell-Mann Ramond Slansky (1979),
Mohapatra Senjanovic PRL 44 (1980) 912,
Schechter Valle PRD22 (1980) 2227.

@ Next leading contribution to neutrino mass with the SM particle content

Li—7 = E%—LLHHHTH + ﬁgﬁ_LLHHHTH 4.
NP NP

9 Feb. 2012 @FNAL
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Werner-Heisenberg-ingyicut Motivation for higher dim. neutrino mass
Ap-Bez 1t

Overview: Neutrino mass from higher dim. ops.

If forbidden
&L =Ysm +FLg=+Lg—6+ La—7+ -

L5 = ﬁLLHH—klﬁlﬂg ﬂ;PLLHH 4 15:}r9}2 ﬂrquLLHH S

Seesaw Zee,Dark-doublet...Babu-Zee...
Minkowski PLB&T (1977) 421, Fee PLB93 (1980) 389, Babu PLB203 (1988) 132, elc.
Yanagida (1979), Ma PRL 81 (1999) 1171, etc.

Gell-Mann Ramond Slansky (1979),
Mohapatra Senjanovic PRL 44 (1980) 912,
Schechter Valle PRD22 (1980) 2227.

@ Next leading contribution to neutrino mass with the SM particle content

Li—7 = E%—LLHHHTH+ ﬁgﬁ_LLHHHTH 4.
NP NP

@ Neutrino mass from an n-loop dim-d diagram » .
Additional suppression

n d—4
m, = U X 1 X Y *
v 1672 Anp

Lower NP scale

9 Feb. 2012 @FNAL




Max-Planck-Institut fuer ;L(_@k
Werner-Heisenberg-ing/iut Introduction: d=5 op and high E completion

2% D>t *
Recapitulation: Weinberg (d=5) op. and Seesaw mechanism
Lagrangian at EW scale

():‘f—-. Oa’- ch—

L =YLsm+ 5 3
"i.\P .iI.:‘LNP. .II.:'LNP

@ Weinberg op. = Lowerst higher dimensional op.

| R— EWSB U2 __

—@d - Leir?H)(H Vir2L s vy
Anp ~ Anp e ) ) 2ANP

H_ H v’

o e Anp
00— == L @9 -
L L % 7,
1/Anp

Majorana mass suppressed by v/Axp

@ The SM is an effective theory at the EW scale

— New Physics appears at the high energy scale ANP

9 Feb. 2012 @FNAL
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Werner-Heisenberg-ins,’ Introduction: d=5 op and high E completion

zac-tﬂuziff-
Recapitulation: Weinberg (d=5) op. and Seesaw mechanism

@ Effective operator at the EW scale 1s induced
from a fundamental theory at the high energy scale Anp

@ High energy completion of Weinberg op. = Seesaw mechanism

L = Lom + L(ETZH)(HTHL) +H.e.
Anp

H_ M
N~

- ™ -
o O
1/Anp

9 Feb. 2012 @FNAL



Max-Planck-Institut fuer 'b{@k
Wemer-Heisenberg-lnzf gicut * Introduction: d=5 op and high E completion

Recapitulation: Weinberg (d=5) op. and Seesaw mechanism

@ Effective operator at the EW scale 1s induced
from a fundamental theory at the high energy scale Anp

@ High energy completion of Weinberg op. = Seesaw mechanism

L = Lom + L(ETZH)(HTHL) +H.e.
Anp

T \ 7 ]‘ AT~
Apw—ANp, St + Y, NHir2L + E‘H NecN 4+ H.c.. Typel Seesaw

H_ H H, H
‘"‘H .-"" A e » /

Eh - l - L Def:m_}os?tii)}n —PL&THB'—TL—

1/Anp P L Y,MY, L

@ This suggests Axp = M = O(10'%) GeV (with Y, ~ O(1))
— Additional suppression factor helps to lower the scale ANP

9 Feb. 2012 @FNAL
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Werner-Heisenberg-ins i ut Introduction: Dim.7

§A=.62>f1{-
Depart from Dim.5

L =L+ L5+ Lo+ Ly—r+ -

Ly = (T2 H)(HTir2L) — v—— 7%,
Anp Anp
H_ H
% e
— h.f .
3 3

9 Feb. 2012 @FNAL



Max-Planck-Institut fuer ;L@k ) )
Werner-Heisenberg-ins? - ut Introduction: Dim.7

aac-ﬂPﬂ-
Depart from Dim.5

L =L+ Lo+ Lo+ Log—7+---
1

[} —

Ly =—(Leir?H)(H"ir%L) — v Vep,
Anp Anp
N3
L :%(ETEH)(HTHL) (H'H) = v ( : ) Ve,
Axp ANp
R 7
H_ M H
N ~ — A& h "“‘-.\H :"/ /H
Eh . ‘L L- . ‘L
L/Axp 1/A%p
@ Higher d = Lower Ayp — Collider testable &e\ﬁ

X\
If Dim.5S Weinberg op. is forbidden for some reason%.

9 Feb. 2012 @FNAL
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Werner-Heisenberg-ins i ut Introduction: Dim.7

iat.APH-

A complication to introduce Dim.7 op.

@ When we allow us to have
1
Adp

Li—7 =

3
(Leir?H)(H L) (HTH) — v [ — ) vev,
Anp

9 Feb. 2012 @FNAL



Max-Planck-Institut fuer ;L@k ) )
erner-l-leisenberg-lni ficut > Introduction: Dim.7

A complication to introduce Dim.7 op.

@ When we allow us to have

3
Ly z%(ﬁiriH)(HTirzL)(HfH)%v( ¢ ) Ve,
Axp Anp
Singlet
we also have
1 — )
L5 =——(Leir?H)(H"ir%L) — v ‘ vev,
Anp Anp

9 Feb. 2012 @FNAL



Max-Planck-Institut fuer ;L@k . .
wgrner-Heisonberg-lni ficut > Introduction: Dim.7
D92

A complication to introduce Dim.7 op.

@ When we allow us to have

3
Lyr = (i H)HTi L) (HH) — o (=) 7,
Axp ANp
we also have
| R— R
L5 =——(Leir?H)(H"ir%L) — v ‘ vev,
Anp Anp
1-loop 1 = 2 T. 2 ]Jr_l T v 1 —
. _—ﬁﬁxp(L iT°H)(H "it"L) (H'H) — v (ﬂp;p) T

9 Feb. 2012 @FNAL
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Werner-Heisenberg-ing/ic ut > Introduction: Dim.7
z & z?

A complication to introduce Dim.7 op.

@ When we allow us to have

‘ 3
L :%(ETEH)(HTHL)(H?H)_:.v( v ) 7y,
ﬂjﬂ:- ﬂNF‘

we also have

1 S
Li—s5 = (Leir?H)(H"ir?L) = v ‘ vev,
fip,p ﬁr-;p
‘_| ] 1
cpl-loop = 2 T. 2 r U -
. ﬁ —— (Leir"H)(H "it°L) (H )_}t(ﬁh‘p) T

To forbid d=5 op., we introduce
@ Two Higgs doublets H, = (H,,H))" and H; = (H},H;)".

@ Discrete symmetry (Matter parity) Z,, mwanezross npesss (1992)3,

9 Feb. 2012 @FNAL
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w.mor-ﬂois.nbcrg-ln% .‘sAatH

© Neutrino mass from d>5 effective operato

@ Motivation H_
Ao
I{Setup at the low energy scale } E-»

@ Possible high energy completion
— Bottom-up to the high energy scale

T. Ota (MPI fir Physik Miinchen)



Max-Planck-Institut fuer ;b@k .
WQmer-Heisenberg-lnfzé it > Effective d=7 op. at Agw
Setup at the EWSB scale

When we have

® SM particle content + an extra Higgs doublet H,,. Hy
® /s matter parity with the following charge assignment

qH, — U'.' dH,; — 3; qr, = ]--_. qEE'H = 1.

then, we do not have

L5 Z%(FiTEH «)(Hir2L) + Forbidden, ¢(Dim.5) =2
NP
and we have
1 2, |
Lo = (Lo Hy) (Hy L) (H] i Hy) = vu—iﬂfd . g(Dim.7) =5
NP NP

This Dim.7 op does not induce loop-Dim.5 op.

9 Feb. 2012 @FNAL
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Werner-Heisenberg-Ing/icut Effective d=7 op. at Apw

Systematic scan of matter parity

Conditions for Dim.7 op.

Forbidd =5

LLH,H, : (2q1, +2qy,) modn #0
LLHH, : (291, + qg, —qy,;) mod n #0
LLH H} : (2q1, — 2qy,) mod n # 0

Allowd =7
LLH,H,H;H, : (2qL + 3qu, + qu,;) mod n =0
and the SM interactions sy

Zs is the minimal symmetry that can satisfy all of them.

Extension: This can be generalized for d = 9... with Z,,_~.. .
Picek Radovcic PLB68T (2010) 338

9 Feb. 2012 @FNAL
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w.mobﬂoisonborg-lniﬂ Aut#

© Neutrino mass from d>5 effective operato

@ Motivation H_ M
‘k\ S -~ f‘
@ Setup at the low energy scale - .
L
S . 1/Axp
@ Possible high energy completion
—Bottom-up to the high energy scale

4. ﬂf

b. 2012 @FNAL
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Werner-Heisenberg-ing/irut Models at f"lNP

ﬁat.az>;¢f
High energy completion of Dim.7

Weinberg op. (d = 5) is realized by the seesaw model, i.e.,
L =L + i(ﬁirzﬂ)(HTirzL) +H.e.,
Anp

high scale

s Lav + Y, NHiT?L + %MFN +H.c..

9 Feb. 2012 @FNAL



Max-Planck-Institut fuer ;L(_Qk
Werner-Heisenberg-ing7irut Models at f"iI\IP'

aAC'APH‘
High energy completion of Dim.7

Weinberg op. (d = 5) is realized by the seesaw model, i.e.,
L =L + i(ﬁirzﬂ)(HTirzL) +H.e.,
Anp

high scale

s Lav + Y, NHiT?L + %MFN +H.c..

Now, we have the effective Lagrangian,
| R : :
L= L+ ATW(LEWEHH}(HJ ir2L)(H}ir?H,)

high scale
g s L4777

® What kind of high energy modes can induce Dim.7 effective op.
at the EW scale? — Examples...

9 Feb. 2012 @FNAL
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Werner-Heisenberg-in £ uk Models at f"lI\IP

High energy completion of Dim.7:Example 1

@ Particle content:
o 2 SM singlet (2-)spinors Np Nj INp = qN; = 1 under Z5

® A SM singlet scalar ¢ qp = 3

9 Feb. 2012 @FNAL
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Werner-Heisenberg-Ing’/irut Models at f"lI\IP

iac.azm‘f
High energy completion of Dim.7:Example 1

@ Particle content:
o 2 SM singlet (2-)spinors N Nj qNg = qnt = 1 under Zs
® A SM singlet scalar ¢ dyp =3
@ Relevant part of Lagrangian
L = Lo+ Y, NgH it?L + MNgN| + kN[N ¢
+ p¢*Haim* Hy, + M3 0" .

H, H
!

H, HHH
L S
— &

1/Ajp

9 Feb. 2012 @FNAL
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Werner-Heisenberg-Insg’/irut Models at f"iI\IP

idt.APﬂ‘
High energy completion of Dim.7: Example 1

@ Particle content:
o 2 SM singlet (2-)spinors N Nj qNg = qnt = 1 under Zs

® A SM singlet scalar ¢ qp = 3

@ Relevant part of Lagrangian
¥ = Lsm + Y, NrH,it*L + MNgN| + kNIEN} ¢
+ nu"Hgit“H,, + I'J(ﬁq:b O. H, H, 7
R N S
\ ‘I.l( /
H,  H, A r
H*E’ H\ /; ..—-HH Apw — Anp \ M @ r M /
‘“"--. ‘:‘ {ff —
O

1/Ajp

9 Feb. 2012 @FNAL
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Werner-Heisenberg-ins7 - uk Models at Anp

iAC.APH-
High energy completion of Dim.7:Example 1

@ Particle content:
o 2 SM singlet (2-)spinors N Nj qNg = qnt = 1 under Zs

® A SM singlet scalar ¢ qp = 3

@ Relevant part of Lagrangian
For inverse seesaw, e.g., Gonzalez-Garcia Valle PLB216 (1989) 360
1 0 YIH? 0 vy,
L =3 (vi Nr Np)|Y.H! 0 M Ng& | +Hee.,
0 MY AT'HOH?) \ N}

where A= = 2rp /ﬂ-fg

9 Feb. 2012 @FNAL
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Werner-Heisenberg-Insg’/irut Models at f"iI\IP

iﬂca?ﬂ-
High energy completion of Dim.7:Example 1

@ Particle content:
o 2 SM singlet (2-)spinors N Nj qNg = qnt = 1 under Zs

® A SM singlet scalar ¢ qp = 3

@ Relevant part of Lagrangian
For inverse seesaw, e.g., Gonzalez-Garcia Valle PLB216 (1989) 360

| 0 YTHC 0 UL
.‘?:E(uﬁ Nr Np)|Y.H] 0 M Ng | +H.e.,
0 MU AT'HOHC) \ N}

where A= = 21 /ﬂ-fg

@ Neutrino mass

Vald Ty r—1\T A =1y =1y v’
my = — Y, M)A~ MY, ~O (L-A%Ip)

Anp ~ O(1) TeV — Collider testable (withY, ~Y},)
9 Feb. 2012 @FNAL
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Werner-Heisenberg-ing7irut Models at f"!LI\IP'

aAC'APH‘
High energy completion of Dim.7:Example 2

@ Particle content:
o 2 SM singlet (2-)spinors N Nj qNk = qnt = 1 under Zs

® A SU(2) doublet scalar ® qp = 2
@ Relevant part of Lagrangian
L = fﬂh{[ T EIMEHMiTEL' T };JW{IJL -+ ﬂfmﬂfri
+ C{(Hgir?*Hy)(®ir?Hy) } + MDD

{rfu
Hd Hu /
H, " H,  Apw — A ;]

SN N BT Yi,_c_*_,‘gd
""*-..,:'- ,ff/‘r ‘1) \
— & \
1/A%p A
\

.\Hu

9 Feb. 2012 @FNAL
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Werner-Heisenberg-insg’/irut Models at f"iI\IP

24:1\9“-
High energy completion of Dim.7:Example 2

® Particle content:
o 2 SM singlet (2-)spinors Np Nj N = 4N} = 1 under Zx

® A SU(2) doublet scalar P qp = 2

@ Relevant part of Lagrangian
For this type of mass matrix, Abada Biggio Bonnet Gavela Hambye JHEP 0712 (2007) 061

1 0 YTHY YTCHES)
¥ ==(vf Ng NJ)| Y.H) 0 M Ni | +He..
2 O g2 T N!
(M- M 0 L
@ Neutrino mass
CJIJIELT"H { T — 1/ AT — 1Ty~ US
m, = ——= Y, (M™)Y, + Y, (M™) },,] ~0 (v
AM g Axp

Anp ~ O(1) TeV — Collider testable (withY, ~Y),)
9 Feb. 2012 @FNAL
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Models at Anp

w.rnor-Hoisonborg-lni;J rut
Ldp-DBez £

A typical signature of the models: Non-unitary PMNS matrix

o
R\ o2
X

N o

S B
-T:-%M%fd:wrfiﬂrm

9 Feb. 2012 @FNAL



Max-Planck-Institut fuer 2;@;
;:rn:::lei::nb:rg-‘::izdj cut Models at Anp
A typical signature of the models: Non-unitary PMNS matrix

w“‘e’s

Li—g = [}’j(ﬂi_l}ffﬂ_li";} (Lir?H,)i (H,it%L)

Non-unitary PMNS matriX abada siggio Bonnet Gavela Hambye JHEP 0712 (2007) 061.

Unitary part

— Neutrino oscillation experiements .. antusch Biggio Fermandez-Martinez
— charged LFV @ one-loop level Gavela Lopez-Pavon JHEP 0610 (2006) 084

Br(lo - £37) ~ 200em [N |
o B 96T ‘(NN*)G_,&| (NNT)#Q'S‘

2
N = [1 - %YJ(M—l)* My,

With a help of synergy of collider, oscillation, and flavour,
we have a chance to reveal the origin of neutrino mass.
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Systematic search for high energy completion: Decomposition

Hd Hu
A

i ™ e -
Dim.7 operator S can be decomposed to

=
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Systematic search for high energy completion: Decomposition

H, H,
R
Dim.7 operator SN can be decomposed to
L T
1/A%p
I / ,
ARYARYARYAR
| . Hx
I \ \
Topology 1 Topology 2 TDpD|IDg‘y‘ 3 ' Topology 4

Assigning the fields to the outer-legs, we can list the models...
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Werner-Heisenberg-insg /i I
zdt.ﬂz>ﬂ-

S List of th del
Operator Top, Mediators NU  §g.  df ISU O € rmoaelits
1 {Hyir = LW Hir* L H gir“H ) 2 .
2 (Huim P L= ) Hoir* L) [H giT*TH, ) 2 A :F 15, 15, 35 v v Y
3 (H_ir2*T=)( H it 27 L) H it®H ) a LT3 ::f:15 A DE‘CDmDDSItanS
4 [—iente)(H ir?reT=)(H ir*rtL)(H irlr=H,) 2 sk gl 3s v oo .
5 (TRir2rL)(Hair? H,)(Hir *rH,) 2/3 40, 8% /18 ¢ (Wlth X < 3)
6 i-r“*'l:T-_T-ir“r‘L]_[fidir-_r"f!u_l:jiuir-r“fiu] 2/3 t 3 '-'ff“ NS W For X = 4, Babu Nandi Tavartkiladze
T - I=.‘e’::“f!'-._-]ZI':;'-.r;‘_"][J'.IZI''ZI"'!:!'g.I:.HuI-ZI''ZI"'J::J.'.,.::‘] 2 1#,:1 1k, 3.!:" 3, 80, o v PEDS80 {Euﬂg} 071702.
B [ Huir T L Lir T H ) H i T°H ) 2 3, 3, 3%, :l"'|. 3", v v
q (Hoir L) (ir 2 Hy ) (L) Hair 2 Hy) 1 ift 1f, 2% o 2t L 18 r Y .
1] [H ir* 7L Ho ) (L) (H gt *Hy) 1 37, 85, 28, o, 24, 0. 15 v o T'Dp TDpD'Dgy
11 [H L) (ir 2’ )(TL)[H T °TH,) 1 T L LU R T v . .
12 (Hair L) (ir e B ) (r* L) (Hair*r Y H) 1 3f, a5, 28, 0, 28,0, 8] N @ Mediators:
11 (HoiT"L=) (L) {ir? Hy) (Hair? Hy) /4 1§, 15, 2, ., (1) s
(L (Houir 2TL=)(TL)(IT H o) (H it Hy) 14 5, 35, 2°, 0, (13) v NECESS&I’}’ new
15 (Hull L)L) (T T Hou ) (HaiT T Hy) 14 15, 15, 2, o, (35) v H £
16§ [(H.oaeLe)re L)t H, ) [Har v H, ) I 3535, 27, (32) v v fIE|dS X}’
17 (H T =) (H ) (ir 2 H ) H iT2L) 1 1H 14, 28 2L o X SU(Q) }f U(l)
18 :Huir’-*rFJ:rH,,:-[ir’-*Hu][Huir*L] 1 gk 2", - 2*, . 1t 1 & 4 ’ ! Y
19 [Hoir L) Ha ) (i P Hu Huir’*ﬂ] 1 1718, 28 .28 0 v v 1:: LDrentz prgperty
W (Hair T LE)r Ha)(ir r B (Huir i L) 1 af k2% 9 ¢ W
21 (Leir o L) (H irir=){T*H ) (H ir*r*H_ ) 1/4 37, 29, ., (37 v ]
2 (T=irlreL)(H irire){roH ) (H ir2r*H) 174 8.2, (8 v o NU: Non-Unltary
71 (Lo L) (H i ) (H o ) (H git  Hy) 174 3, *:f;;ﬁ (15} v .
84 (LErireL)(Hoir =) (P Ha)(Har*r* Hy)  1/4 8,27, (30) v PMNS matrix
25 (Hair?H o )(LAir? (P L) Huir "1 Hy) 1 15, 2% . 2”, e 3
B (Hr ) (e LT ) 1 35,20 20 0 B o Og I shift of the
o (H i L) (ir 2 H ) (P L) H ir 2 TH,) 1 1R 1*,2“_ 2, B v . .
B (ECT T HCDET TR 1 S 820 2, 8 ;o gauge couplmg of
o) (Huir "T=)(L)(ir* 1 Ha) (Huir *Hy) 14 i® 1k 2* -3 N v
W (Huirr TE(re L) (i Ha) (Huir i ) 1,14 3,5" L 2’ (3%, v o Charged |ep’[[}ns
31 (LemoreHg)(iror=H [T L) (H r ot H, ) 1 L *3*,, . *zf,f,..?. i v v
2 (TEirlreHy)(reL)(irtrbH ) (H ir2rtH,) 174 ::f s*t - v o 4( fDUf-CthgEd
11 (Lo Ha) (i P Hy ) (Ho ) (HoiT2L) 1 8, ::1‘.,2* 2”, T o A -
M (Lt Ha) i r = H ) ) Hyir *rL) 1 8%, 8%, 2t 2% . 8 ﬂéf v o |e.p’[0n processes

T. Ota (MPI fiir Physik Miinchen)

Bonnet Hernandez O Winter JHEP 0910 (2009) 076
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Higher dimension, more suppression

L =%+ Lo + Ly T Ly o

L .

More suppression
Lower Anp
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ilﬂ
Lp-DBez 41

Higher dimension, more suppression

(o
6666%« (I)eea ?,‘2;00
L = Zsm + 'tZ?thEE. -(‘;ﬁl -loop + EE—Egp T
T -g?trez? -g‘l -loop + Z E—IT:-Ep +- -
+ -'i'fttriﬁfeegI -g‘l In:n:np + Z E—Egp T

O

More suppression
Lower Anp
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:z AolE

Higher dimension, more suppression

o A e c2d=5 _ _= E*!Forbidden by pA 5
= -L5M - : : - - —

[‘" -{Z?[FEEZEFJ 'f‘l Inup fE Inup +- -

'ftI'EE 'ﬁl

Innp 'fE loop T

d=11 d=11 d=11
+ Ziree "ﬁl -loop 'fE loop T

L .

More suppression
Lower Anp

@ Dim.7 tree Zs symmetry
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Extensions

ZAt APH-

Higher dimension, more suppression

Forbidden by /-
5 — —5 :
L= LM = 1‘2[‘,91;3 - ==
ad—T A rad—T sad—T M
= Zoop
[ -’f?tree } 'f‘l Innp 'fE loop T
d=11 d=11 d=11
+ ZLiree "ﬁl -loop 'fE loop T

@ Dim.7 tree

@ Dim.9 tree

Zs symmetry

Z7 symmetry

T. Ota (MPI fir Physik Minchen)

N

More suppression
Lower Anp
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:z AolE

Higher dimension, more suppression

: Z.
L= L ==—=d=h %qu:bldden by

:JFL
[l =i~ =

cad— ,.5;-{_{ ﬂ-;-
. =TeE E 1- Im‘;p] 2. Innp +
Forbidden by Z>

'ftI'EE 'ﬁl

Innp 'fE loop T

d=11 d=11 d=11
+ Ziree + Z7 -loop + Z7 oop T

L .

More suppression
Lower Anp

@ Dim.7 tree

@ Dim.9 tree

@ Dim.7 loop
9 Feb. 2012 @FNAL
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aAC'AP’%

Extension 1: Dim.9 tree

We introduce Z; and the following new fields,
@ two SM singlet fermions, Np and N7, gy, = qny =1
@ two SM singlet scalars, ¢ and ¢, ¢4 = 5, ¢, = 6.

iﬁf u H d EuH:d H u {q u @ Inverse seesaw type mass matrix
\ L . /
0 YIH? 0
Y,H? 0 M

0 M' ASHPHDP

where A™% ~ 1/A5p
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ﬁat.az»t

Extension 2: Dim.7 loop

A trick to make a loop diagram from the tree diagram

Dim.5 N

> & *
+= %

L L

2
.

| |
f f
! L

P
o

9 Feb. 2012 @FNAL



Max-Planck-Institut fuer ;)A@“ .
Werner-Heisenberg-lnsg /- ut Extensions

aAC'AP’%

Extension 2: Dim.7 loop

A trick to make a loop diagram from the tree diagram

H, H,
Hu Hu h ik, s -
| I e
L - > h:R — L L T— AN:R - L

Dark doublet model Ma PRD73 (2006) 077301

@ Introduce additional Z; parity
@ Assign Z5 odd charge to Np and a new scalar doublet 5

@ Introduce the quatic intaraction R S GlomlalE!
A
£ = o (n'Hu)(n' Hu) + He.,
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aﬂcﬂ;;tt

Extension 2: Dim.7 loop

A trick to make a loop diagram from the tree diagram

H, H,
Hu H’u - T e
| I e
Dim.5 + | — My N
L Ng L L , Ne L
> L A ‘ = - ——— i - -
H,
Dim.7

L
9 Feb. 2012 @FNAL
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iﬂﬁ'ﬂp"f

Extension 2: Dim.7 loop

A trick to make a loop diagram from the tree diagram

H,
I
Dim.5 !
"

H_u T e
|
+
+

.LMR

> & *
+= %

L L , Nr L

1
- = . = - - ™ -

L

Dim.7

L
Kanemura O PLB694 (2010) 233
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© Summary

4. ﬂf
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Dp-De= 41

Non-standard neutrino interactions (NSI) ve(L) v, (L)

@ New physics signal in oscillation experiments \./
(& e (B)

@ Expected sensitivity at Nufact: [eT:| < O(1073) ¢ (E) m €

eT

@ What does a NSI tell us about New physics at the high E scales?

Bottom-up approach: List necessary interactions and mediation fields
for a large (constraint-free) NSI from d=8 ops.

9 Feb. 2012 @FNAL



Max-Planck-Institut fuer 2 ik
Werner-Heisenberg-ins/i:ut Summary

Dp-Doz= ot

Non-standard neutrino interactions (NSI) ve(L) vo(L)

@ New physics signal in oscillation experiments \/
—(E " (E)

@ Expected sensitivity at Nufact: |[¢7 | < O(107%) e (E) m

eT

@ What does a NSI tell us about New physics at the high E scales?

Bottom-up approach: List necessary interactions and mediation fields
for a large (constraint-free) NSI from d=8 ops.

Neutrino mass from d>5 operators

@ Collider testable neutrino mass generation mechanism = h:\ /?H o
@ Matter parity ( Z, ) forbids d=5 Weinberg op. _ ™ {"x” .

I, L
@ How does the high E completion look like? L/Axp

Bottom-up approach: List the possible ways to derive the d=7 eff. op.
through tree-diagrams Seesaw for d=7

— Application of Bottom-up approach: Onu2beta, nu-DM interaction etc...

9 Feb. 2012 @FNAL
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zat.ﬂz>ﬂ-
A problem in d=7 neutrino mass generation?

Goldstone boson

We introduce 7,5 — But # respects U(1)

— H, which is charged under Z,,_; < U(1) takes vev
— U(1) is spontaneously broken

— Goldstone boson of new U(1).

We allow a soft U/(1) violation term
L = m%HdiTEHH + H.c..
— Goldstone boson gets mass ~ msg.
— Another problem: Loop d = 5 comes back
_ ]
0437 = ﬂé - (Leir?H,)(Hir?L) (H4im*H,,)
But the loop contribution does not dominate — controllable.

9 Feb. 2012 @FNAL
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zat Az>ff-
A problem in d=7 neutrino mass generation?

Goldstone boson

We introduce 7,5 — But £ respects U(1)

— H, which is charged under Z,_s ¢ U(1) takes vev
— U(1) is spontaneously broken

— Goldstone boson of new U(1).

We allow a soft U/(1) violation term
L = m%HdiTEHH + H.c..
— Goldstone boson gets mass ~ msg.
— Another prﬂblem' Loop d = 5 comes back
0L 40 = ﬂg (Leir?H,,)(Hlir2L)

-loop ™ 1672
But the loop contribution does not dominate — controllable.

9 Feb. 2012 @FNAL
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